Introduction
Pulmonary alveolar microlithiasis is a rare disease characterised by widespread intra-alveolar accumulation of calcium phosphate, which form characteristically, small nodular laminated calcospherites. Many patients are asymptomatic at presentation, the disease being discovered incidentally on a chest radiograph [1, 2] . The radiographic pattern is a characteristic consisting of fine sandlike micronodulation throughout both lungs, which often obliterates the mediastinal and diaphragmatic contour [2] .
The CT descriptions have been limited to a small number of patients, mainly in the form of isolated case reports [3] [4] [5] [6] [7] . The CT findings have been reported as consisting of tiny calcific nodules mainly in the dependent portion of the lower lung zones. Less common reported findings include apparent calcification of the interlobular septa and subpleural cysts. The aim of this study was to evaluate CT findings of pulmonary alveolar microlithiasis in 10 patients and correlate them with pathologic findings.
Methods
Seven women and three men (mean age, 51 years; age range, 41-72 years) who had pathological diagnosis of pulmonary alveolar microlithiasis and had undergone CT of the chest were included in the study. Pathological diagnosis was obtained at transbronchial biopsy in eight patients and at autopsy in two patients.
In all patients, continuous 10-mm collimation CT scans were performed from apex to lung bases using a standard algorithm. In three patients, three to five thin section CT images were performed using 1 to 2-mm collimation and reconstructed using a high spatial frequency algorithm. All images Background and Aim. To evaluate CT findings of pulmonary alveolar microlithiasis and correlate the CT with the pathologic findings.
Methods. The study included 10 patients with pathologically proven microlithiasis. Two independent observers evaluated the presence, extent and distribution of the CT findings. CT findings were compared with those at autopsy in two patients and with transbronchial biopsy in eight patients.
Results. All patients had a myriad of calcified nodules measuring approximately 1 mm in diameter. Close apposition of the nodules resulted in areas of ground-glass attenuation and consolidation, which were the predominant abnormality on CT in all 10 patients, involving 41% ± 16.3 (mean ± SD) and 30% ± 4.8 of the lung parenchyma, respectively. Calcifications were also seen along interlobular septa, bronchovascular bundles and pleura. Other findings included interlobular septal thickening, thickening of bronchovascular bundles, nodules, and subpleural cysts. to observe the appearance of calcification, special window settings (level -400 to 150 HU and width 1000 to 4000 HU) were also used. The CT scans were performed on a variety of scanners. None of the patients received intravenous contrast medium.
The CT images were reviewed independently by two observers. The lungs were divided into three zones (upper, middle, and lower); each zone was evaluated separately. Each of the three zones corresponded to approximately one-third of the images from the lung apex to 1 cm below the domes of the diaphragm.
The observers assessed the presence, extent, and distribution of nodules, areas of ground-glass attenuation, consolidation, interlobular septal thickening, thickening of bronchovascular bundles, intralobular reticular opacity, traction bronchiectasis, emphysema, cysts, lymph node enlargement, pleural thickening and pleural effusion. The presence of calcifications of normal anatomic structures in each lung was also assessed.
Ground-glass attenuation was defined as an area of hazy increased attenuation without obscuration of underlying vascular markings. Consolidation was considered present when the opacity obscured the underlying vessels. Traction bronchiectasis was defined as irregular bronchial dilatation within areas with parenchymal abnormalities. Lymph nodes were considered enlarged if the short-axis diameter at CT was greater than 10 mm.
The anatomic distribution was noted to be central if there was a predominance of abnormalities in the inner two-thirds of the lung, peripheral if there was a predominance of abnormalities in the outer third of the lung, dorsal if there was predilection for the dependent portion, peribronchovascular if there was predilection for the peribronchovascular areas, and random if there was no predominance. Upper lung zone predominance was considered present when most of the abnormalities were above the level of the tracheal carina, and lower zone predominance was considered present when most of the abnormalities were below this level.
The extent of involvement of each abnormality was assessed independently for each of three zones of each lung. The CT score in upper, middle, and lower lung zones was determined by visually estimating the extent of disease in each zone. The score was based on the percentage of lung parenchyma that showed evidence of abnormality and was estimated to the nearest 10% of parenchymal involvement. The overall percentage of involvement was obtained by averaging the six lung zones.
The extent of traction bronchiectasis was evaluated counting the number of pulmonary segments that showed traction bronchiectasis and by assessing the generations of bronchial divisions involved. Traction bronchiectasis was scored as follows: 0, no bronchial dilatation; 1, dilatation limited to bronchi distal to the sixth-generation bronchi, the main bronchi being considered the first generation; 2, bronchial dilatation involving the fifth-generation bronchi; 3, bronchial dilatation involving the fourth generation; 4, bronchial dilatation involving the third generation; and 5, bronchial dilatation involving bronchi proximal to the second generation. In eight patients the transbronchial biopsy results were reviewed and in two patients the CT findings were correlated with the findings on the autopsy specimens.
The interobserver variation of the extent of various abnormalities was evaluated with the Spearman's rank correlation coefficient. The interobserver variation of the existence of predominant distribution, architectural distortion, lymph node enlargement and pleural effusion was analyzed by using kappa statistics. The inter-observer agreement was classified as follows: poor, κ = 0-0.20; fair, κ = 0.21-0.40; moderate, κ = 0.41-0.60; good, κ = 0.61-0.80; and excellent, κ = 0.81-1.00.
Results

CT findings
There was a solid inter-observer agreement for the extent of the various abnormalities (Spearman's rank correlation coefficient, r = 0.81 to 1.0, p<0.01) and for the presence of predominant distribution, architectural distortion, lymph node enlargement and pleural effusion (κ = 0.77). Therefore, the description of the CT findings is based on the average of the observations made by two observers.
All patients had innumerous calcified nodules measuring approximately 1 mm in diameter (table  1) . Close apposition of the nodules resulted in areas of ground glass attenuation and consolidation, which were the predominant abnormality on CT in all 10 patients ( fig. 1 ). The areas with ground-glass attenuation and consolidation involved 41% ± 16.3 (mean ± SD) and 30% ± 4.8 of the lung parenchyma, respectively. Interlobular septal thickening, thickening of bronchovascular bundles, cysts, traction bronchiectasis, lymphadenopathy and architectural distortion were present in all patients (table 1) . Interlobular septal thickening and thickening of bronchovascular bundles was present in 16.3 ± 5.96 and 14.4 ± 6.91 of the lung parenchyma, respectively ( fig. 2 ).
The vast majority of nodules were approximately 1 mm in diameter and all nodules were smaller than 1 cm in diameter. The majority of nodules had a random distribution, some had a predominant centrilobular or subpleural distribution, and some showed a predominant distribution along interlobular septa and bronchovascular bundles. All patients had thin-walled cysts, measuring less than 1cm in diameter, distributed along the pleura [ fig. 3 (A) ]. Five patients had apical bullae.
Calcification was present in the nodules, along interlobular septa, pleura, and bronchovascular bundles. The areas of air-space consolidation were diffusely calcified and contained air bronchograms ( fig. 1, 4) . Calcifications along pleura resulted in calcified lines, which were present on CT in 9 of the 10 patients. The lines were most prominent along the mediastinal pleura [ fig. 3 (A) ].
Lower lung zone predominance was present in five patients, and no zonal predominance was seen in five. In all cases the calcifications involved mainly the dependent lung regions.
CT-Pathologic correlation
Histological assessment of transbronchial and autopsy specimens showed filling of the alveolar airspaces with calcospherites. The vast majority of the calcific nodules measured less than 1 mm in diameter. The limited size of the transbronchial specimens did not allow assessment of distribution of nodules in the interstitium. The autopsy specimens available in two patients demonstrated calcification along interlobular septa, bronchovascular bundles and pleura [ fig. 3 (B) ]. Ground-glass opacification and consolidation on CT was shown to be due to the apposition of a myriad of calcospherites. Apparent pleural calcification (calcified pleural lines) on the CT was shown to be due mainly to the presence of numerous calcified nodules in the subpleural lung parenchyma. Autopsy CT scan through the left lower lobe demonstrates thickening of interlobular septa (arrows) and evidence of calcification of the interlobular septa. Also noted are small nodules and parenchymal calcification due to apposition of numerous nodules.
Discussion
Pulmonary alveolar microlithiasis is a rare chronic disease characterised by the deposition of calcium phosphate microliths in the alveolar airspaces. The etiology is unknown but the high rate of occurrence within families suggests an autosomal-recessive hereditary nature [8] . Many patients are initially asymptomatic even in the presence of fairly extensive abnormalities on the chest radiograph. The disease is slowly progressive resulting in progressive dyspnea and, eventually, in respiratory failure [9] . The diagnosis can often be suggested based on the findings on the chest radiograph, but transbronchial or surgical biopsy are necessary for final diagnosis [10] . Sometimes, calcospherites can be found in the sputum or in bronchoalveolar lavage fluid [11] .
There are several reports on the findings of pulmonary alveolar microlithiasis from chest radiography [1, 2, 12] . The characteristic radiographic manifestation consists of bilateral fine sand-like micronodulation of calcific densities involving mainly the middle and lower zones. The individual deposits are usually identifiable as sharply defined nodules measuring 1 mm or less in diameter [1, 2, 12] . The description of the CT findings have been based largely on individual case reports [2] [3] [4] [5] [6] . CT findings have been reported as consisting of small nodular calcific densities, which are often confluent and diffusely distributed throughout the lung. The present study demonstrates that apposition of numerous small, calcified nodules results in areas of ground-glass attenuation and consolidation, which were the predominant finding in all patients. Areas of air-space consolidation were diffusely calcified. In the areas with ground-grass attenuation, small, calcified dots were seen. Therefore, as confirmed on the correlation of CT with the histologic findings, areas of groundglass attenuation and consolidation resulted from apposition of a myriad of microliths.
Miro et al. reported a case of alveolar microlithiasis characterised by a reticulonodular pattern with Kerley B lines and Melamed et al. reported a case in which interstitial thickening was prominent on high-resolution CT [13, 14] . Interlobular septal thickening and thickening of bronchovascular bundles as well as calcified nodules along these structures were seen in all patients in the current study. specimens demonstrated only small amounts of pleural calcification. Sub-pleural small cysts seen on CT and on the gross lung specimens were shown histologically to represent dilated alveolar ducts [ fig. 3 (B) ]. The two lung specimens also showed mild interstitial fibrosis.
All patients had cysts, less than 10 mm in diameter, along the pleura and 1 cm to 8 cm diameter bullae in the apical regions. The subpleural cysts were shown to represent dilated alveolar ducts. Previous reports have shown that emphysematous bullae in apical areas may be associated with development of pneumothorax [5, 15, 16] .
In the present study, calcified lines along the pleura were commonly seen on CT. Sosman et al. reported that the calcification is in the subpleural lung parenchyma rather than pleura [1] , while Winzelberg et al. and Chalmers et al. described the presence of pleural calcification on CT [4, 5] . Autopsy specimens in two patients in the current study demonstrated small amounts of pleural calcification. They did demonstrate, however, numerous calcified nodules in the subpleural lung parenchyma. The autopsy findings in our two patients showed that the apparent pleural calcification seen on CT is due predominately to intraparenchymal subpleural calcospherites rather than pleural calcification.
Our study has several limitations. Firstly, the study was retrospective and included small number of patients. Secondly, evaluated CT scans were obtained at different institutions using different protocols. Thirdly, in this study the images with 10 mm collimation were mainly used. A 10 mm collimation is too thick to discuss the CT description of a diffuse lung disease. Finally, although it included a greater number of patients than in previous studies, all patients were more than 40 years old and had longstanding disease.
In conclusion, pulmonary alveolar microlithiasis is characterised by the presence of a myriad of fine calcified nodules and parenchymal calcifications along interlobular septa, broncho-vascular bundles and pleura on CT. Ground-glass attenuation, air-space consolidation, thickening of interlobular septa and bronchovascular bundles, and subpleural cysts are also common. 
